Abstract. We present the first simultaneous observations of Alfven waves at Polar and FAST altitudes, ~7 R E geocentric and ~3500 km respectively, at ~23 MLT in the main phase of a major geomagnetic storm on 22 October 1999. We compare the Poynting flux for these waves and the electron energy flux at the two spacecraft. We also present a new method of Alfven wave analysis, examining Poynting flux magnitude and directionality along with the perturbation electric to magnetic field ratio of these waves as a function of wave temporal scale (frequency).
Abstract. We present the first simultaneous observations of Alfven waves at Polar and FAST altitudes, ~7 R E geocentric and ~3500 km respectively, at ~23 MLT in the main phase of a major geomagnetic storm on 22 October 1999. We compare the Poynting flux for these waves and the electron energy flux at the two spacecraft. We also present a new method of Alfven wave analysis, examining Poynting flux magnitude and directionality along with the perturbation electric to magnetic field ratio of these waves as a function of wave temporal scale (frequency).
The results of this analysis are compared with those expected from kinetic Alfven wave models.
There is a mean net loss of ~2.1 ergs cm -2 s -1 (mW m -2 ) in earthward Poynting flux over the altitude region between Polar and FAST; a mean net increase in earthward electron energy flux of ~1.2 ergs cm -2 s -1 over the same region; frequency characteristics consistent with a mixture
Introduction
Alfven waves propagating earthward along the plasma sheet boundary layer (PSBL) at Polar altitudes, 4-7 R E geocentric, in the earth's magnetotail have been shown to carry more than sufficient Poynting flux to account for the aurora observed simultaneously on the field lines mapping to the PSBL [Wygant et al., 2000 Keiling et al., 2000 Keiling et al., , 2002 . Also evident in these observations were concurrent small perpendicular scale waves consistent with kinetic Alfven waves. Kinetic Alfven waves [Lysak and Lotko, 1996; Lysak, 1998 ] have an electric field component parallel to the background magnetic field and are therefore a possible mechanism for auroral electron acceleration.
The PSBL Alfven waves were initially detected by searching the Polar Electric Field Instrument (EFI) data for the most intense plasma sheet electric field measurements which occurred during 1997 [Wygant et al., 2000] , and then May 1996 through April 1998 [Keiling et al., 2001] . Subsequently Chaston et al. [2000 , 2002 , 2003a , 2003b reported observations of Alfven waves and energized auroral electrons using FAST data, at 350-4000 km altitude, on field lines that map to the PSBL. These Alfven waves were observed in regions both with and without inverted-V's. Through simulations they showed that the FAST observations were consistent with an Alfven wave propagating earthward from the "outer magnetosphere", i.e. as observed at Polar, to FAST altitudes. These simulations indicated that a significant portion (>50%) of the wave energy flux was converted into electron flux at altitudes of 1-3 R E due to increased parallel electric fields in the kinetic Alfven waves which are accompanied by increased reflection due to the large increase is V A in this region.
The current study expands on the results of these previous studies in several ways. First, we report the first direct comparison of Alfven waves observed simultaneously at Polar and FAST, while they were on close to the same field lines. We also investigate the field aligned Poynting flux (S) signatures and the wave electric to magnetic field ratio of these Alfven waves at various temporal scales (frequencies), comparing these characteristics of the waves between the two spacecraft and with the results expected from a model of absorption and reflection of Aflvenic Poynting flux below Polar presented by Strelsov and Lotko [2003] . This model indicated that larger amplitude and larger scale size (corresponding to lower frequency in our study) should be preferentially absorbed in the anomalous resistive layer.
Data
The primary subject of this study is the simultaneous observation of Alfven waves by both Polar and FAST on 22 October 1999, ~02:10 UT, during a period of decreasing AE in the main phase of a major geomagnetic storm. During the event both satellites traversed the northern PSBL region field lines at ~23.2 magnetic local time (MLT). The situation is depicted in Figure   1 . FAST transited the region during a northward pass at ~3500 km altitude and observed Alfven waves and significant earthward Poynting flux from ~66.7º to 67.5º invariant latitude (ILAT), traversing the region in <20 seconds, ~02:09:20-02:09:50 UT. Polar was moving outbound and northward when it encountered the region of Alfven waves and spent ~15 minutes, ~02:05-02:20
UT, in the region at distances of ~7.1-7.3 R E geocentric. Due to the nature of the measurements, including spacecraft and PSBL motion and the structure of the Alfven waves, the data from both spacecraft contain a mix of temporal and spatial effects that cannot be readily separated. Also, while the similarity in MLT, the proximity of the transition to the lobe field lines and the latitudinal width of the region of observed Alfven waves in the data from each spacecraft indicate a very close mapping of field lines, the differences in orbital velocity, region thickness and motion of the field lines at the different radial distances of FAST and Polar result in different measurement contexts at each spacecraft. This difference is apparent in Figure 1 where the bold, dark blue portion of the orbit trajectories represent ~30 seconds for each spacecraft. The FAST data represent more of a "snapshot" of the region while the Polar data represent a cross between a snapshot and a temporal sampling of the region. Therefore, while there may be some spatial structure correspondence between the observations at the two spacecraft, direct mapping of individual structures is not straight forward, and the results presented in this paper will be limited to a comparison of general characteristics of the regions. This region ends at the last closed field line and the transition to the lobe field lines with polar rain. The time span of the FAST orange region is depicted on the Polar data by the darker orange band.
The differences of the gray region, particularly the existence of field aligned Poynting flux and electron energy flux at Polar but not FAST, may be due to either an actual difference in this region at the two spacecraft altitudes or a temporal effect, since the Polar pass through the gray region is >5 minutes after the FAST pass through the corresponding region. Cluster observations (Marklund et al., 2001) have shown that significant changes in the region mapping to auroral acceleration can occur over time scales on the order of ~200 seconds. An interpretation of a temporal variation in this region at Polar is further supported by the significant variability in density and temperature (not shown) as well as the region being ~0.40º thick at FAST but onlỹ 0.25º thick in latitudinal extent at Polar. For this reason, only the average characteristics in the orange regions are compared in this study.
Methodology
Alfven waves have their electric and magnetic field perturbations, δE and δB respectively, perpendicular to the background magnetic field, B 0 , and also perpendicular to each other. For sheer Alfven waves traveling along the PSBL, δE is generally aligned perpendicular to the PSBL surface. This direction is denoted ⊥1, while the direction perpendicular to B 0 and the ⊥1 direction, the general direction for δB, is denoted ⊥2. This alignment makes both Polar and FAST, whose spin axes are generally in the azimuthal direction relative to earth as depicted in Figure 1 , well suited to study these waves as both spacecraft provide vector electric fields measurements in their spin plane and three dimensional magnetic fields measurements. Since Polar provides full three dimensional electric field measurements, although the spin axis component has substantially shorter booms, δE ⊥2 and δB ⊥1 on Polar were also examined to compare the full parallel Poynting flux with the component calculated solely from δE ⊥1 and δB ⊥2
and to confirm the assumption of δE being predominantly in the ⊥1 direction. Including the δE ⊥2 and δB ⊥1 signal was found to not significantly alter the results at Polar. Therefore only the δE ⊥1 and δB ⊥2 signals were used so as to allow comparison of similar measurements at Polar and FAST.
Both Polar and FAST provide electric and magnetic field measurement at ≥8 samples s -1 and particle measurements in the regions of interest. For each spacecraft the electric and magnetic field data were detrended and smoothed using eight overlapping temporal scale bands covering the range pertinent for Alfven waves. In all cases these bands corresponded to the frequency ranges: 5-20 mHz, 10-40 mHz, 25-100 mHz, 50-200 mHz, 100-400 mHz, 0.25-1 Hz, 0.5-2 Hz, and 1-4 Hz. For reference, the f ci is ~3 (220) Hz at Polar (FAST) during the simultaneous observations. The field aligned Poynting flux (S, δE ⊥1 ×δB ⊥2 /µ 0 ) in units of ergs cm -2 s -1 (or mW m -2 ) and phase velocity (δE ⊥1 /δB ⊥2 ) in km/s were calculated on a point by point basis for each band. Using these values, the mean total and net earthward parallel wave energy (|S| and S respectively, where the bar denotes the mean over the region) and the median δE ⊥1 /δB ⊥2 ratio for times of |S| >0.04 ergs cm -2 s -1 (mapped to 100 km) observed during the orange band in Figure 2 were calculated for each frequency band. The characteristics of the time-series smoothed and detrended data in each band were also examined to evaluate whether the Alfven waves were traveling, standing or mixed and to evaluate the degree of coherency of the waves in the band.
Finally, the mean Poynting flux over the entire frequency band, 5 mHz-4 Hz, was calculated and compared with the mean net electron energy flux in the region at both spacecraft.
Observations and Discussion
The region of comparison, the orange region in Figure The FAST data, by contrast, indicate a nearly straight power law falloff for |S| and S at lower frequencies with nearly 100% of S directed earthward. Both fall off at a steeper rate with frequency than at Polar. There is a break from the falloff in |S| in the mid-frequency bands, ~0.1-1 Hz, which correspond to the frequencies of the ionospheric Alfven resonator [Lysak, 1991 [Lysak, , 1993 . S in these frequency bands is roughly evenly divided between upward and downward going. This is consistent with the wave power in these frequency ranges being dominated by local resonance enhancement making meaningful direct comparison with the signals at Polar at these frequencies impossible. Finally, also in contrast to Polar, there is a significant amount, 80%, of earthward directed S in the highest frequency bands.
Comparing magnitudes of |S| and S in the low-frequency bands indicate a loss of ~70% (~90%) in |S| and ~40% (~80%) As mentioned, the wave power in the mid-frequency ranges at FAST is dominated by local resonance enhancement, as theoretically predicted, and does not give us information that can be directly compared with the signals at Polar altitudes. The higher frequencies, >1 Hz, however, result in perhaps the most interesting comparison. Here |S| and particularly S are larger at FAST than at Polar. This and the fact that these frequencies are at or above the local ion gyrofrequency at Polar indicate that these waves are likely generated between the two spacecraft by an, as yet, unspecified process. These waves are also partially reflected, reflectivity ~0.1, and absorbed below FAST. Absorption between FAST and the ionosphere and in the ionosphere cannot be separated out in our data.
The δE ⊥1 /δB ⊥2 ratios at the various frequencies, panel c of Figure 3 , provide further insight into the properties of the waves at both altitudes. At Polar the δE ⊥1 /δB ⊥2 plot shows the characteristics of kinetic Alfven waves [Lysak and Lotko, 1996] , with low frequency waves being near V A , and higher frequency waves becoming more electrostatic. for the values of δE ⊥1 /δB ⊥2 at low frequencies.
The FAST δE ⊥1 /δB ⊥2 ratios indicate that the lowest frequencies at FAST are coupled to the ionosphere, while the highest frequencies are more Alfvenic. The fact that the low frequency Poynting flux is ~100% earthward and coupled to the ionosphere is consistent with such waves being less than one wavelength from the ionosphere. Their existence, however, indicates that a portion of the wave energy observed at Polar is also coupled to the ionosphere. This would have the effect of lowering the δE ⊥1 /δB ⊥2 ratio at Polar below those expected from kinetic Alfven wave theory.
Although previous Polar studies did not specifically consider the frequency dependence of the δE ⊥1 /δB ⊥2 ratio of the Alfven waves in relation to those predicted by kinetic Alfven theory, the observations presented herein are consistent with the conclusions of those studies that kinetic
Alfven waves were present [Wygant et al., 2000 Keiling et al., 2002] and that the δE ⊥1 /δB ⊥2 ratios in general are significantly higher than expected from ionospheric closure.
Inspection of the time series data in the various frequency bands indicates that, at all frequencies at Polar, during the 22 October 1999 and both May 1997 events, and at frequencies >~100 mHz at FAST, there are intervals with standing Alfven waves and others with traveling Alfven waves. This, rather than a consistent phase relation between the electric and magnetic field signals, is the cause of the varying percentages of net earthward Poynting flux. In the higher frequency bands at Polar, the traveling waves are generally observed propagating in both directions at different times during any given event. These results are consistent with results from a recent study by Keiling et al. [2005] that indicates that in large-amplitude Polar PSBL substorm expansion Alfven wave events, there is a mixture of standing and traveling waves at all frequencies with their low-, mid-, high-frequency (<14 mHz, 14-25 mHz, 25-167 mHz) waves being predominantly earthward traveling waves, standing, and bi-directional traveling waves respectively. Our results are also consistent with their finding that the low-frequency (<14 mHz)
waves were carrying most of the earthward S, and that the δE ⊥1 /δB ⊥2 ratio generally tended to increase with frequency. It should be noted that, although the highest frequency bands in this study are above the local ion gyrofrequency at Polar, both standing and traveling waves that are definitively Alfvenic in nature are observed. However, at these frequencies |S| is ~1/100 that of the lower frequency bands and the directionality results in negligible net earthward flux at these frequencies compared to the lower frequencies.
Examination of the electron energy flux, Figure 2 A reasonable interpretation of the results of this study is that a source tailward of Polar produces Alfven waves of various frequencies along the PSBL with more wave energy at lower frequencies. These waves contain modes that are variously coupled to the ionosphere, absorbed or reflected in route. In the ~5-100 mHz frequency range, ~50-60% of the wave energy is reflected, ~10-30% is absorbed above FAST, and <~30% is coupled to the ionosphere. These results are generally consistent with the model of Strelsov and Lotko [2003] , although their model infers a consistent partial reflection, while our event indicates modulated times/regions of completely traveling waves, completely reflected waves and some partial reflection. The mean absorbed energy flux in this event is ~2.1 ergs cm -2 s -1 between Polar and FAST altitudes with part, up to ~ 1.2 ergs cm -2 s -1 , accelerating electrons which generate aurora. There is evidence that the higher frequency waves are kinetic Alfven waves, that they are damped when they are near or above the local ion gyrofrequency, and that they are also generated between Polar and FAST. This generation mechanism is open to speculation, but the energy to generate them may come from the lower frequency Alfven waves [Chasten et al., 2003b; Wu, 2003; Fedun et al., 2004; Watt et al., 2004; Voitenko and Goossens 2005] . This gives a possible electron acceleration method of low frequency Alfven waves being converted into kinetic Alfven waves which contain a parallel electric field which then accelerates the electrons.
Conclusions
We have presented the first comparison of Alfven waves observed simultaneously at both Polar at ~7 R E and FAST at ~2 R E geocentric. These waves were observed during a period of decreasing AE during the main phase of a major geomagnetic storm on 22 October 1999 in the PSBL at ~23 MLT. We presented an overview of the spacecraft passes and mapped the corresponding regions at Polar and FAST, comparing the mean net Poynting flux (S) and electron energy flux observed at the two spacecraft. For the Alfven waves, we also investigated S and its directionality, and δE ⊥1 /δB ⊥2 ratios in eight overlapping temporal scale (frequency) bands ranging from 0.25 to 200 s (5 mHz -4 Hz). The results were compared at the two spacecraft and to the predictions from a model presented by Strelsov and Lotko [2003] and kinetic Alfven wave theory [Lysak and Lotko, 1996] .
We found:
1) There is a mean net loss in earthward Poynting flux of ~2.1 ergs cm -2 s -1 between Polar and FAST in the region of conjunction.
2) The frequency characteristics of the waves at Polar are consistent with kinetic Alfven waves with some coupling to the ionosphere at the lower frequencies.
3) High frequency (>~1 Hz) kinetic Alfven waves are generated between Polar and FAST.
4) The waves in the low-frequency bands, <~0.1 Hz, account for most of the earthward Poynting flux at Polar, and the reflectivity and dispersion characteristics of the waves at these frequencies are generally consistent with the model of Strelsov and Lotko [2003] .
5) The reflectivity is temporally and/or spatially modulated rather than being continuously partially reflective.
6) There is evidence for acceleration of electrons between Polar and FAST with a mean net electron energy flux gain of up to ~1.2 ergs cm -2 s -1 .
Taken together these conclusions indicate that current models for auroral acceleration from kinetic Alfven waves, e.g. Chasten et al. [2002 Chasten et al. [ , 2003a is consistent with the overall Poynting and electron energy flux data. The kinetic Alfven wave model of Strelsov and Lotko [2003] , which includes the effects of anomalous resistivity, is also consistent with the flux data.
However, current models are not yet sufficiently well formulated to fully account for the observations. Comparing Alfven waves at Polar and FAST simultaneously provides a tool for investigating the details of the process, including the reflectivity modulation and the generation of the higher frequency earthward directed Alfven waves which were observed at FAST.
Investigating these phenomena can lead to a more complete understanding of the auroral acceleration process. Figure 3 . In these cases the δE ⊥1 /δB ⊥2 ratio for ionospheric closure is not as well defined since there is no large scale DC current observed concurrent with the Alfven waves. The displayed range is for Σ P of 1-10 mhos. 
